UNCLASSIFIED 


AD  NUMBER 


AD820790 


NEW  LIMITATION  CHANGE 
TO 

Approved  for  public  release,  distribution 
unlimited 


FROM 

Distribution  authorized  to  U.S.  Gov't, 
agencies  and  their  contractors;  Critical 
Technology;  JUL  1967.  Other  requests  shall 
be  referred  to  Air  force  Flight  Dynamics 
Laboratory,  Attn:  FDCC,  Wright-Patterson 
AFB,  OH. 


AUTHORITY 


AFFDL  ltr,  25  Oct  1972 


THIS  PAGE  IS  UNCLASSIFIED 


ID820790 


AFFDL-TR-67-51 


IN-FLIGHT  SIMULATION  AND  PILOT  EVALUATION  OP 
SELECTED  LANDING  APPROACH  HANDLING  QUALITIES 
OF  A  LARGE  LOGISTICS  TRANSPORT  AIRPLANE 


DONALD  W.  RHOADS 

CORNELL  AERONAUTICAL  LABORATORY,  INC. 


TECHNICAL  REPORT  AFFDL-TR-fT-51 


JULY  1967 


This  document  is  subject  to  spec's]  export  controls  snd  each  transmittal 
to  foreign  governments!  or  foreign  nationals  may  be  made  only  with  prior 
approva’  cf  *he  A'-  Force  F!igl.i  Dynamics  Laboratory  (FDCC), 
Wright-Patterson  Air  Force  Base,  Ohio  45433. 


AIR  FORCE  FLIGHT  DYNAMICS  I  AP*  W. TORY 
RESEARCH  AND  TECHNOLOGY  DIVISION 
AIR  FORCE  SYSTEMS  COMMAND 
WRIGHT-PATTERSON  AIR  FORCE  PAJE,  OHIO 


NOTICES 


When  Government  drawings,  specifications,  or  other  data  are  used  for  any 
purpose  other  than  in  connection  with  a  defirr  iely  related  Government  procure¬ 
ment  operation,  the  United  States  Government  thereby  incurs  no  responsibility 
nor  any  obligation  whatsoever;  and  the  fact  that  the  Government  may  have 
formulated,  furnished,  or  in  any  way  supplied  the  said  drawings,  specifications, 
or  other  data,  is  not  to  be  regarded  by  implication  or  otherwise  as  in  any 
manner  licensing  the  holder  or  any  other  person  or  corporation .  or  conveying 
any  rights  or  permission  to  manufacture,  use,  or  sell  any  patented  invention 
that  may  in  any  way  be  related  thereto. 


Copies  of  this  report  should  not  be  returned  to  the  Research  and  Tech¬ 
nology  Division  unless  return  is  required  by  security  considerations, 
contractual  obligations,  or  notice  on  a  specific  document. 


*00  -  Assist  im  -  CC4SS  -  4 -SO 


IN-FLIGHT  SIMULATION  AND  PILOT  EVALUATION  OF 
SELECTED  LANDING  APPROACH  HANDLING  QUALITIES 
OF  A  LARGE  LOGISTICS  TRANSPORT  AIRPLANE 


DONALD  W.  RHOADS 

CORNELL  AERONAUTICAL  LABORATORY,  INC. 


This  document  is  subject  to  special  export  controls  and  each  tr&nsmittal 
to  foreign  governments  or  foreign  nationals  may  be  made  only  with  prior 
approval  of  the  Air  Force  Flight  Dynamics  Laboratory  (FDCC), 
Wright-Patterson  Air  Force  Base,  Ohio  45433. 


FOREWORD  J 
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ABSTRACT 


A  simulation  program  examined  selected  handling  qualities  of  a  large 
logistics  transport  airplane  in  the  landing  approach,  considering  both  longi¬ 
tudinal  and  later  a!  -directional  characteristics.  A  variable  stability  B-26 
airplane  was  u»~..  .*  .  n  in-flight  Emulator.  The  longitudinal  short-period 
frequency  and  damping  ratio  and  the  stick  force  per  normal  acceleration  were 
varied  using  a  model -following  technique.  The  Dutch  roll  frequency  and  damp¬ 
ing  ratio,  the  amplitude  of  the  bank  angle  to  sideslip  ratio  (at  the  Dutch  roll 
frequency)  and  L.e  roll  mode  time  constant  were  adjusted  to  simulate  stability 
augmentation  system  on  and  off  using  the  response -feedback  technique.  Later¬ 
al  control  was  investigated  with  various  amounts  of  maximum  control  power 
and  two  different  amounts  of  control  system  time  lag.  The  pilots  performed 
general  airwork  and  made  ILS  approaches,  some  with  lateral  offset.  The 
landing  flare  and  touchdown  were  not  included  in  the  evaluation.  The  results 
of  this  program  are  presented  in  terms  of  acceptability  to  the  pilots,  based 
upon  a  numerical  rating  and  detailed  comments.  Three  evaluation  pilots 
participated.  Regardless  of  longitudinal  parameter  variation,  the  majority 
of  pilot  evaluation  data  fell  in  the  "acceptable  but  unsatisfactory"  category. 
Most  noted  was  the  sluggishness  in  pitch  (slightly  improved  in  the  augmented 
configuration)  and  high  stick  travel  per  incremental  normal  acceleration. 
Opinion  was  divided  as  to  the  relative  desirability  of  the  two  values  of  stick 
fo:  ce  per  incremental  normal  acceleration  evaluated.  Parameter  variations 
in  the  lateral-directional  evaluation  yielded  data  which  extended  from  the 
"acceptable  but  unsatisfactory"  category  to  the  ''unflyable"  category.  Results 
were  strongly  influenced  by  the  piloting  difficulties  associated  with  the  changes 
in  the  rudder  coordination  requirements  during  turns.  From  the  data  obtained, 
it  was  difficult  to  specify  minimum  roll  control  requirements  for  this  mission 
with  asburance.  Generally,  a  pb/2U  no  greater  than  0.  2  and  0,  no  greater 
than  4°  appeared  sufficient  for  two  of  the  evaluation  pilots.  The  third  pilot, 
however,  desired  larger  values. 


This  abstract  is  subject  to  spcc4al  export  controls  and  each 
transmits1  to  foreign  governments  or  foreign  nationals  may 
be  made  out:  -with  prior  approval  of  the  Air  Force  Flight 
Dynamics  Laboratory  (FDCC),  Wright-Patter son  Air  Force  Base, 
Ohio  45433. 
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SYMBOLS  AND  DEFINITIONS 


Distance  -  feet 

Angle  -  radian*  or  degrees 

Moment  -  foot-pounds 


Dimensional  Units 

Time  -  seconds 
Force  -  pounds 

Mass  -  slugs 


b 

c 

Oo 

C, 

Cg 

cm 

Cp 


k  * 


6k 

dt 

I. 


L 

M 

m 

N 


wing  span 
wing  chord 

drag  coefficient,  drag /$S 

lift  coefficient,  lift/^S 

rolling  moment  coefficient,  L/$Sb 

pitching  moment  coefficient,  M/$Sc 

yawing  moment  coefficient,  Nfa  Sb 

aileron  stick  (wheel)  force 

elevator  stick  (wheel)  force 

rudder  pedal  force 

undamped  phugoid  frequency,  Herts 

undamped  short  period  frequency.  Hertx 

gravitational  constant 

altitude 

time  rate  of  change  of  altitude 

moment  of  inertia  about  the  *  stability  axis 
moment  of  inertia  about  the  y  stability  axis 
moment  of  inertia  about  the  t  stability  axis 
roiling  moment  about  the  x  stability  axis 
pitching  moment  about  the  y  stability  axis 
mass  of  the  airplane 

yawing  moment  about  the  5  stability  axis 
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it 

at 


at 


it 

a* 


r* 


tr 


acceleration  along  y  axie,  g  uni's 
acceleration  along  *  axie,  g  units 
manifold  pressure 

rolling  velocity  about  x  stability  axis 
lolling  acceleration  about  x  stability  axis 
pitching  velocity  about  y  stability  axie 
pitching  acceleration  about  y  stability  axis 
dynamic  pressure 

yawing  velocit-  about  z  stability  axis 
yawing  acceleration  about  %  stability  axis 
wing  area 
Laplace  operator 
thrust  force 

Dutch  roil  period  (damped/ 
flight  oath  velocity 
velocity  along  *  stability  axis 
velocity  along  y  stability  axis 
velocity  along  z  stability  axis 


W  *»  eight 

X  force  along  the  *  stability  xia 

Y  force  along  the  v  stability  axis 

2  force  along  the  x  stability 

<  angle  of  attack 

angle  of  attack  measured  at  the  vane 
0  angle  of  sideslip 


£\  aileron  deflection 

°a 

^4 s  aileron  stick  (wheel)  deflection 
elevator  deflection 
elevator  stick  (wheel)  deflection 
<5r  rudder  deflection 

§sP  rudder  pedal  deflection 

Sr  throttle  deflection 

€  error 

Dutch  roll  damping  ratio 
^  phugoid  damping  ratio 

short  period  damping  ratio 
©  pitch  angle 

p  air  density 

roll  mode  time  constant 


* 

'HI 


d 


0  hank  angle 

bank  angle  obtained  in  one  second 

magnitude  of  roll  to  sideslip  ratio  in  the  Dutch  roll  mode 
undamped  phugoid  frequency,  rad /sec 

undamped  short  period  frequency,  rad/sec 

Stability  derivative  notation  is  given  in  the  appendix  with  the 
equations  of  motion. 

Subscripts 

a  airplane 
C  command 
mode  1 

0  initial  value 

A  M  o  "in  front  of  a  variable  denotes  incremental  value. 
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INTRODUCTION 

i  ne  work  described  in  this  report  is  part  of  a  continued  effort  to  de¬ 
termine  relationships  between  design  parameters  and  handling  qualities  of 
large  aircraft,  using  in-flight  simulation  as  a  primary  instrument  of  investi¬ 
gation  {References  1,  l,  and  3). 

The  large  aircraft,  because  of  its  relatively  large  ratio  of  inertia  to 
aerodynamic  force,  is  often  characterized  by  well-known  slow  and  ponderous 
responses  to  control  inputs.  Control  power  is  a  predominant  design  param¬ 
eter  because  of  the  necessity  to  overcome  and  position  large  inertias  at  low 
levels  of  aerodynamic  force.  These  characteristics  are  likely  to  be  extremely 
significant  during  the  ILS  approach  phase  of  flight,  where  the  airspeed  is  low 
and  the  task  demands  concentration  and  precision  of  maneuver  by  the  pilot. 

Because  of  the  above,  the  piloting  task  for  this  investigation  was  de¬ 
signed  primarily  about  the  ILS  approach  maneuver;  and  the  pilots  examined 
the  suitability  of  a  range  of  variations  in  stick  force  per  incremental  normal 
acceleration,  and  in  roll  control  power. 

The  simulated  airplane  configurations  are  termed  "unaugmented"  and 
"augmented"  and  represent  different  dynamic  characteristics.  The  augmented 
ca3e  does  not  represent  ao..  specific  stability  augmentation  system.  Previous 
work  (Reference  1)  dealt  witK  a  large  airplane  representation  made  up  of  a 
combination  of  characteristics  obtained  from  various  manufacturers  interested 
in  the  C-5A  concept.  The  present  simulation  is  based  on  data  obtained  from 
Lockheed-Georgia.  However,  it  must  be  emphasized  that  this  simulation  is 
based  on  C-5A  data  estimated  by  Lockheed-Georgia  ns  of  April  19b6  (Refer¬ 
ence  4),  and  since  that  time,  several  design  changes  in  the  longitudinal  and 
lateral-directional  modes  have  been  made,  both  in  the  unaugmented  and  aug¬ 
mented  configurations.  Therefore,  this  effort  should  be  considered  a  par¬ 
ametric  study  based  on  the  general  characteristics  of  a  large  airplane,  and 
relationship  to  the  present  C-5A  design  must  be  qualified. 

In  order  to  perform  this  study,  considerable  attention  was  given  to: 
i)  adequate  simulation  of  the  configurations,  including  recogn;tion  of  limita¬ 
tions,  and  2)  explicit  definition  of  the  pilot-airplane  task  for  the  evaluation 
pilots.  A  valid  simulation  combined  with  meaningful  assessment  will  indicate 
problem  areas  and  help  formulate  methods  for  solution. 
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SECTION  II 

fYSm.  CAPABILITY  AND  MECHANISATION 

The  B-26  variable  stability  airplane  (Figures  1,  2,  3,  and  4)  is  able 
to  simulate  a  wide  range  cf  aircraft  statics  and  dynamics  in  flight,  ^he  way 
in  which  the  capability  has  oeen  applied  to  simulation  of  the  large  airplane  in 
the  approach  configuration  is  described  in  the  following  subsections.  Also 
included  is  a  description  of  the  inherent  limitations  to  this  capability.  Air¬ 
plane  motion  sign  conventions  used  throughout  this  report  are  shown  on 
Figure  5. 

i.  LONGITUDINAL 


Simulation  of  the  longitudinal  mode  is  achieved  by  using  a  model- 
follow'ing  technique,  a  method  by  which  the  simulator  (B-26)  is  commanded  to 
follow  the  output  ot  an  airborne  anaiog  computer,  programmed  with  equations 
of  mot-on  representing  the  C-5A  airplane.  In  ihis  particular  case,  the  incre¬ 
mental  pitch  angle  output  of  the  model  (  A  8*,  )  in  response  to  airplane  elevator 
and  throttle  inputs  is  compared  with  the  A©  of  the  airplane  (  ).  The  re¬ 

sulting  difference,  or  error  (  £a  ),  is  then  used  to  drive  the  B-26  elevator  to 
reduce  the  error  to  zero.  Thus  the  incremental  pitch  angles  of  the  model 
and  airplane  are  matched  and  the  B-26  will  assume  the  model  characteristics 
of  Lhe  C-5A  as  represented  by  the  computer.  A  sketch  of  this  system  is 
shown  on  Figure  6.  Note  that  a  Aq  comparison  loop  is  also  employed,  en¬ 
abling  higher  loop  gains  (8e/€6  and  Se/€^  )  and  producing  better  At?  follow¬ 
ing.  Note  also  that  the  throttle  input  (  $r  )  commands  the  model  as  well  as 
the  B-26.  and  in  a  ratii  so  as  to  approximately  match  the  incremental  longi¬ 
tudinal  acceleration  from  the  initial  approach  condition  assumed. 


In  addition  to  matching  the  time  response  of  A8  ,  and  h“nce  the  dy¬ 
namic  modal  characteristics  ’  0JSP  ,  ?s>.  ,  and  ),  it  is  desirable  to 
match  the  static  stick  force  per  incremental  normal  acceleration  (  P'g;  jCiPt  ), 
and  stick  faice  per  unit  stick  travel  l^es/Scs  ).  The  B-26  variable  control 
feel  system  in  conjunction  with  the  model  provides  this  capability.  Stick  force 
per  incremental  normal  acceleration  is  defined  as 


fas  _  _  jU  . 

A  ft  8  £5  Sg  A  Tty 


res  #  &es 

8  6  S  A  Tly 


In  the  present  study,  the  B-26  was  calibrated  by  in-flight  measurement  to  have 
the  same  stick  travel  per  incremental  normal,  acceleration  as  the  large  air¬ 
plane.  The  value  of  b'Es  /SgS  f or  the  large  airplane  was  set  into  the  feel  sys¬ 
tem,  resulting  in  the  required  f~~e< /An  . 


The  airborne  analog  computer  used  in  this  study  was  designed  and 
fabricated  by  CAL  personnel  (again  note  Figure  i). 
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LATERAL- DIRECTIONAL 


-a** 


Simulation  of  lateral-directional  modal  characteristics  is  accomplished 

by  using  the  re  ,)onse -feedback  technique.  Electrical  signals,  proportional  to 

sensed  aircraft  motions,  are  fed  through  gains  (adjustable  in  the  cockpit)  to 

the  appropriate  surface  actuator.  The  surface  responds,  producing  a  force 

and  moment  proportional  to  the  aircraft  motion.  In  its  simplest  form,  this  is 

equivalent  to  changing  the  inherent  stability  derivatives  and  thereby  changing 

(or  matching)  the  required  dynamic  characteristics,  e.g.,  k0  *n0  /i r). 

tWW  |  jjf  J 

A  simple  diagram  of  such  a  system  is  shown  on  Figure  7. 

Correct  combinations  of  the  feedback  gains  will  provide  the  desired 
Dutch  roil  characteristics  (  ,  td  •  and  \QI$ld  )  and  the  rcll  mode  time 

constant  (  2#  )•  This  is  done  by  first  estimating  the  gains  on  the  basis  of 
B~26  stability  derivatives  and  the  derivatives  of  the  airplane  to  be  simulated. 
However,  final  determination  of  these  gains  is  based  on  flight  calibrations 
wherein  appropriate  maneuvers  arc  recorded  and  analyzed  to  obtain  the  de¬ 
sired  simulated  characteristics  as  a  function  of  the  feedback  gains. 

In  addition  to  matching  the  lateral-directional  modal  characteristics, 
it  is  desirable  To  match  control  effectiveness,  i.e.,  essentially  the  initial 
moment  outputs  due  to  control  inputs.  Ideally,  one  would  like  to  match  both 
the  output  due  to  control  force  input  and  the  output  due  to  control  displacement 
input.  To  accomplish  this,  two  adjustable  gains  must  be  available,  one  to 
vary  the  control  column  force  versus  control  column  displacement  gradient 
(feel  spring)  and  one  to  vary  the  control  surface  displacement  versus  control 
column  displacement  gradient  (elevator  gear  ratio).  In  the  B-26  lateral- 
directic’ial  variable  stability  system,  only  the  former  is  readily  available  for 
aileron  and  rudder  control.  (Force  displacement  ratios  -*an  and  have  been 
approximately  simulated  by  the  installation  of  appropriate  mechanical  springs 
in  the  rudder  and  aileron  control  systems.  This  was  done  for  this  program.) 


Assuming  the  availability  of  only  the  one  electronic  gain,  either  of  the 
output-input  ratios  can  be  matched,  but  a  choice  must  be  made.  Experience 
has  shown  that  the  pilot  is  more  sensitive  to  forces  than  to  displacements  and 
therefore  the  gear  rafio  gain  is  used  to  match  the  moment  output  to  force  in¬ 
put.  As  an  example  oi  u.is  matching  process,  consider  .  (Primed  nota¬ 


tion  is  described  in  Appendix  I.  )  It  is  required  that  ux  N'f»pj 


r 


for  -tn  step.  This  relationship  may  be  developed  in  terms  of  the  variable 


l 

stability  B-26  gain,  5 <rjSKfi: 


-HP 


With  a  knowledge  of  the  refative  airplane  characteristics  and  the  relationship 
between  the  ^/Sgp  cockpit  gain  setting  and  the  physical  Sr  /Sgp  ,  the  desired 
matching  can  be  obtained.  Another  way  of  doing  the  same  thing  is  to  compute 
the  required  tI^pp)  ,  f*  ,  and  then  for  various  $r/$gp  gain  settings,  record 
the  r  responses  to  irputs.  The  resulting  measured  ratios  of  r/ $ap 

when  multiplied  by  tne  inverse  of  the  B-26  rudder  pedal  spring,  S^pI^p  ,  yield 
values  of  r/rep  as  a  function  of  Sr/SeP  grirr,  from  which  the  appropriate 
valu“  oi  $r/SaP  gain  can  be  chosen  to  match  the  required  .  Similar 

procedures  are  used  to  match  .p  / 


For  this  particular  program,  it  was  required  to  simulate 

1.  Three  values  of  control  power  (pb/2U)  for  full  aileron  inputs, 

2.  Two  values  of  aileron  servo  characteristics  -  chosen  to 
bracket  those  typical  of  a  large  airplane. 

3.  Nonlinear  roll  control  effectiveness.  (The  curves  (  Ci  vs. 

3*5  )  for  the  C-5A  airplane  shown  on  Figure  8  were  used.) 

To  do  this,  the  following  mechanization  was  employed: 

TO  AILERON 
SERVO 

©i  <5) 


(T)  Assume  a  SAs  input  (step,  for  example). 

©  "Lag"  modifies  Sfis  with  a  late  limit  and  assumed 
servo  dynamics. 

©  A  different  C/  vs.  Sts  is  required  for  each  pb/2U 
simulated  (see  Figure  8).  For  a  given  pb/2ll,  the 
function  generator  is  programmed  to  provide  ,he  required 
shape  of  SA  as  a  function  of  in  order  that  the  desired 

is  obtained. 

(4)  The  signal  from  ©  is  varied  by  the  gain  $Al8jS  to  produce 
the  required  pb/2U  for  maximum  3*5  input. 

Witu  this  system,  considering  only  the  rate  limit,  the  aileron  will  move  at 
different  rates  to  achieve  the  required  pb/2U  in  the  same  time. 


Specific  quantitative  details  of  the  simulation  are  given  in  Section  IV. 


3.  MISCELLANEOUS  INSTALLATIONS 


Several  installations  were  made  to  improve  the  simulation  and  cockpit 
environme  nt: 

1.  The  normal  B-26  airspeed  indicator  on  the  evaluation  pilot's 
panel  was  replaced  with  a  meter  which  displayed  the  model 
airspeed.  Early  in  the  pr« -evaluation  proof-flying  phase  of 
the  program,  it  was  noted  that,  in  fusrns,  the  relationship  of 
the  B-26  airspeed  with  the  airplane  motions  and  stick  position 
as  commanded  by  the  model  was  unrealistic.  Dijplaying  the 
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model  air  speed  produced  the  required  cor  relation,  subject  to 
the  limitation  noted  in  the  following  subsection. 

2.  A  block  was  installed  on  the  control  column  to  limit  the 
aileron  wheel  travel  to  ±60*. 

3.  The  rudder  pedal  spring  constant  was  altered  to  60  Ib/inch  to 
more  closely  match  the  C-5A  value  of  50  lb/inch.  The  maxi¬ 
mum  rudder  pedal  travel  was  adjusted  such  that  150  pounds 
gave  full  deflection.  This  matches  the  simulated  airplane 
value. 

4.  LIMITATIONS  AND  DIFFERENCES 

"Simulation1 2'  of  one  vehicle  by  another  implies  differences  between  the 
two.  The  basic  problem  is  to  minimize  the  e  differences  to  a  point  where  they 
will  not  :  ffect  the  pilot's  judgment  when  rating  the  pilot*  airplare  mission. 

In  general,  a  simulation  of  this  type  may  be  characterized  by  the 
following  categories: 

1.  Aircraft  static  and  dynamic  characteri jtics . 

2.  Pilot  environment;  internal  (cockpit)  and  external  cues. 

3.  Prescribed  mission  simulation. 

4.  Undesirable  or  marginal  side  effect*  from  attempting 
to  satisfy  the  above. 

As  it  is  true  that  the  present  state  of  the  art  imposes  certain  practical 
limits  on  bume  phases  of  the  simulation,  it  is  also  true  that  the  evaluation  pilot, 
in  addition  to  having  some  "filtering"  capability,  also  has  a  certain  finite  band¬ 
width  of  sensitivity,  thus  allowing  some  lack  of  simulation  fidelity  without 
affecting  his  rating. 

Comparison  with  the  results  of  previous  studies  h*e  indicated  that  sim¬ 
ulation  of  the  large  airplane  static  and  dynamic  characteristics  as  carried  out 
in  this  program  is  well  within  the  bandwidth  of  th*  pilot's  ability  to  sense 
differences . 

Pilot  reports  indicated  that  in  general  there  was  little  in  terms  of  in¬ 
ternal  or  external  cues  to  invalidate  his  rating  of  the  configurations.  However, 
m.nor  exceptions  to  this  rule,  actual  physical  differences,  and  differences 
whicfci  were  not  obvious  to  the  pilot  are  listed  below. 

1.  The  evaluation  side  of  the  cockpit  (essentially  normal  D-26) 
contained  an  instrumertt  panel  which,  although  arranged  for 
efficient  observation,  did  not  necessarily  display  instruments 
of  a  format  projected  for  the  simulated  airplane.  In  partic¬ 
ular  a  normal  ILS  cross -pointer  meter  provided  glide  slope 
and  localizer  information.  Due  to  lack  of  information  early 
in  che  program,  it  was  decided  to  use  this  instrument  rather 
than  one  of  the  more  complex  displays. 

2.  Without  auxiliary  direct  lift  and  side  force  control,  the  deriv¬ 
atives  L  and  Yj  cannot  be  matched,  producing  a  difference 
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in  turbulence  response,  the  ramification*  of  which  are 
di*cue«ed  in  the  succeeding  subsection. 

3.  It  was  noted  in  subsection  3  that  the  model  airspeed  was 
displayed  in  the  evaluation  side  of  the  cockpit  because  of  a 
significant  difference  between  the  model  and  B-26  airspeed 
in  prolonged  turning  flight.  However,  despite  this  improve¬ 
ment,  it  was  observed  that  upon  entering  a  level  turn  at 
constant  power,  the  model  airspeed  did  not  decrease  as  much 
as  predicted.  The  difficulty  was  due  to  the  fact  that  t^e  pilot 
was  flying  by  reference  to  the  displayed  B-26  A  and  k, 
which  in  turning  flight  differed  from  the  model  k  and  i. 

The  difference  in  L ^  causes  the  Acc  required  to  sustain 
level  flight  to  be  greater  in  the  case  of  the  large  airplane. 
Hence,  since  the  9  's  are  matched,  the  flight  path  (  /  ) 

of  the  large  airplane  is  inclined  downward  in  turns,  when  the 
B-26  flight  path  is  level. 

4.  Thrust  output  to  an  abrupt  throttle  input  occurs  more  quickly 
in  the  B-26  than  in  the  simulated  airplane.  Generally,  this 
dixference  is  not  serious  because,  except  for  rare  occasions, 
throttle  inputs  are  gradual  rather  than  abrupt,  resulting  in 
similar  thrust-to-throttle  following. 

5.  TURBULENCE  RESPONSE  SIMULATION 


In  addition  to  control  inputs,  the  B-26  simulation  is  subjected  to  ex¬ 
ternal  inputs  such  as  turbulence  and  wind  shear.  Because  these  inputs  have 
a  definite  effect  on  the  pilot-airp’ mission,  it  is  of  interest  to  compare  the 
relative  reactions  of  the  B  -  2o  simulator  and  the  large  airplane  configuration. 

The  following  remarks  are  somewhat  qualitative,  but  do  indicate  the 
factors  involved  and  their  relevance  to  the  subject  simulation  program.  They 
ai  e  based  on  the  simple  concept  of  a  gust  velocity  vector  which  can  be  re¬ 
duced  to  longitudinal,  vertical  and  lateral  components  which  act  as  inputs  to 
the  airplane. 


Considering  first  the  longitudinal  mode,  a  vertical  gust  component 
(  u/q  )  is  equivalent  to  an  angle  of  attack  change,  which  causes  roth  a  heaving 
or  vertical  motion  and  a  pitching  motion  about  the  airplane's  center  of  gravity. 
The  sensitivity  of  the  airplane  to  the  vertical  component  is  defined  in  Refer¬ 
ence  5  as  follows: 
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where  | is  the  “teady* state  portion  of  the  transfer  function. 


Thus  comparison  of  gust  response  can  be  mad#  between  the 
of  the  B-26  and  that  of  the  airplane  being  simulated,  in  tie  subject 
case,  the  ratio  of  L*  to  that  of  the  simulated  airptane  is  approximately 

1.9.  Hence,  the  response  of  the  B-26  is  greater  than  that  of  the  large  airplane. 
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When  the  B-26  pitches  due  to  a  gust  input,  there  is  a  difference  between 
the  &  of  the  airplane  and  that  of  the  model,  because  the  model  does  not  sense 
the  gust  input.  This  error,  ,  will  actuate  the  elevator  of  the  B - 26  and 
tend  to  reduce  the  pitching  motion  to  eero.  Thus  the  airplane  is  operating  in 
essentially  an  "attitude  hold"  mode  and  pitch  deviations  from  the  initial  attitude 
will  be  minimal.  The  large  airplane  on  the  other  hand,  if  left  alone  would 
pitch  to  a  new  steady-state  0  commensurate  with  the  gust  angle  of  attack 
change.  However,  because  of  the  low  short-period  irequency  of  the  large  air¬ 
plane,  the  pitch  response  to  the  gust  will  take  a  relatively  long  time  to  occur. 
Since  the  heave  response  will  be  felt  immediately,  it  is  likely  that  little  pitch 
deviation  will  occur  oefore  the  pilot  initiates  a  corrective  control  input.  Thus, 
although  the  pilot's  response  to  vertical  gusts  is  different  between  the  simu¬ 
lated  and  simulator  airplanes,  it  is  believed  that  the  difference  would  not  sig¬ 
nificantly  affect  the  evaluation  results  reported  herei... 

The  lateral  gust  component  input  is  somewhat  analogous  to  the  longi¬ 
tudinal  gust  input  in  that  it  is  equivalent  to  sideslip  angle  change.  If  the  force 
and  moment  derivatives  were  perfectly  matched  and  the  gust  affect*. d  the  air¬ 
plane  and  its  feedback  sensors  in  exactly  the  same  manner,  then  the  gust 
response  would  be  the  same  as  that  of  the  simulated  large  airplane. 

However,  the  feedback  gains  used  were  not  based  on  exactly  matching 
each  derivative,  but  rather  on  matching  the  required  .nodal  characteristics 
and  pertinent  time  histories.  The  inability  to  match  Yj  because  of  lack  A 
auxiliary  fide  force  control  means  that  other  derivatives  must  be  slightly 
mismatched.  Because  Yj  predominantly  affects  Dutch  roll  damping,  this  mis¬ 
match  can  be  largely  accounted  for  through  introduction  of  Nfr  to  match  the 
damping.  However,  the  introduction  of  Nl  itself,  a  derivative  not  inherent  in 
an  unaugmented  airplane,  will  cause  the  B-26  to  respond  directionally  to 
lateral  gusts  more  than  the  simulated  airplane  would. 

Probably  the  most  significant  difference  in  lateral  gust  response  be¬ 
tween  the  two  airplanes  is  in  the  steady-state  amplitude,  which  is  a 

function  of  the  Vs  and  V  mismatch.  In  this  case,  the  ^ / fi  of  the  B-26  is 
approximately  1.  5  times  greater  than  that  of  the  simulated  airplane. 

In  summary,  it  may  be  noted  that  the  heave  response  of  the  B-26  in 
turbulence  i*  greater  than  the  simulated  airplane.  Thus  in  those  cases  where 
turbulence  is  judged  to  be  a  significant  factor,  the  pilot  objections  to  the  tur¬ 
bulence  responses  in  the  B-26  would  be  mor  -verc  than  in  the  simulated 
airplane.  In  this  study,  however,  the  maj'  of  configurations  were  fl^wn 
under  smooth  air  or  light  turbulence  conditions  and  this  difference  is  not 
believed  to  have  a  significant  effect  on  the  evaluation  results. 
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SECTION  m 

PRELIMINARY  ANALYSIS 

Prior  to  mechanization  of  the  unaugmented  and  augmented  longitudinal 
models  and  to  flight  calibration  of  the  lateral-directional  simulated  configura¬ 
tions,  a  considerable  amount  of  analysis  was  accomplished  which  is  pertinent 
to  defining  the  method  of  approach  used  in  this  study. 

The  mass,  geometric  and  nondimensional  stability  data  furnished  by 
Lockheed-Georgia  was  converted  to  appropriate  coefficients  consistent  with 
the  equations  of  motion  given  in  Appendix  1.  These  equations  were  solved 
by  a  digital  computer  to  obtain  modal  characteristics  and  time  history  re¬ 
sponses  to  classic  control  inputs  (elevator,  aileron  and  rudder  steps  and 
doublets).  The  modal  characteristics  were  then  compared  with  those  furnished 
by  Lockheed  and  these  and  the  responses  were  used  as  the  basic  foundation 
for  validation  of  the  in-flight  simulation 

The  basic  longitudinal  data  was  specified  by  Lockheed  and  assumed 
for  the  unaugmented  airplane.  The  augmented  configuration  was  formulated 
at  Lockheed's  request  by  assuming  an  increase  in  short-period  frequency  from 
approximately  .  15  Hz  (unaugmented  case)  to  .  1  7  Hs  and  a  decrease  in  short- 
period  damping  ratio  from  .  li  (uraugmented  case)  to  .6.  Using  the  short- 
period  approximate  equations  for  frequency  and  damping,  new  values  of 
and  w*re  determined  for  the  abo^e  required  and  Other  deriv¬ 

atives  were  maintained  -  instant.  The  new  values  of  Cm *  and  C*4  were  then 
applied  to  the  three-degree-of-freedam  equations  of  motion  for  digital  solution. 
The  model  characteristics  compared  favorably  with  those  assumed  in  the 
approximation  and  no  iteration  was  required. 

In  the  lateral-directional  case,  the  furnished  data  were  also  for  the 
unaugmented  configuration,  and  the  augmented  configuration  was  formulated 
on  the  basis  of  an  augmentation  scheme  furnished  by  Lockheed.  This  scheme 
fed  ,  0  ,  and  ~p  to  the  rudder  and  jp  to  the  aileron.  Inci-menta1  artificial 
derivatives  due  to  these  feedbacks  were  added  to  those  of  the  unaugme-ited  con¬ 
figuration.  The  resulting  data  wert  fed  to  the  digital  computer,  producing 
new  modal  characteristics  and  time  history  responses.  These  were  then  used 
as  the  basis  for  simulation  of  the  augmented  configuration. 

Since  the  pitch  simulation  incorporated  a  model-following  svstem,  it 
was  necessary  that  the  model  include  significant  lateral -directional  coupling 
terms  in  order  that  the  longitudinal  simulation  be  correct  in  turning  flig'nt. 

j  terms  are  important.  The  first  involves  the  computation  of  the  Euler 
angle  Qm  ,  including  the  term  r  * .■»  0  : 

p 

d-  “  J  fam  ■  rsrC  <T. 

Additional  terms  in  the  Euler  angle  computation  were  considered  negligible 
for  tnis  simulation. 

The  second  item  is  the  term  cr*  O  in  the  equation: 
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If  the  above  term*  are  not  included,  the  computed  Qm  will  be  In  error 
in  turning  flight.  The  model-following  system  will  force  9^  to  follow  9* 
and  an  incorrect  airplane  response  will  result.  For  example,  without  the 
terms  above,  the  airplane  (if  trimmed  in  steady  level  flight)  will  require  no 
back  pressure  on  the  yoke  In  level  turns.  Although  possibly  an  interesting 
characteristic,  this  feature  would  not  provide  realistic  simulation  of  the 
large  airplane. 

It  was  felt  desirable  to  simulate  the  nonlinear  variation  of  rolling 
moment  coefficient  with  aileron  wheel,  based  on  the  data  submitted  by  Lock* 
heed.  These  data  consist  of  ,  Cg  versus  spoiler  deflection  for  the 

three  pb/2U  values  investigated,  ana  curves  of  aileron  and  spoiler  deflection 
versus  wheel  deflection.  The  shape  of  these  curves  is  shown  on  Figure  8, 
where  each  is  normalised  to  the  maximum  pb/2U  {§t$  -  60*)  investigated. 
Flight  test  data  for  each  are  aleo  shown  and  again  normalized  to  show  corres¬ 
pondence  to  the  desired  shape  resulting  from  the  use  of  a  function  generator. 
The  end  points  of  §t3  -  60*  were  calibrated  to  produce  the  desired  pb/2U 

for  full  wheel  deflection  by  variation  of  the  gain  t^tSts. 

The  total  yawing  moment  coefficient  as  a  function  of  Sg3  (including 
effect  of  aileron  and  spoiler)  was  formulated  in  the  same  way  as  the  rollir^ 
moment.  However,  in  this  case  a  linear  approximation  with  SM3  was  used 
rather  than  a  function  generator,  resulting  in  the  A/f  derivatives  defined 
in  Appendix  I. 


SECTION  IV 

CONf  IGURATION  SIMULATION 


This  section  details  the  extent  and  degree  of  large  airplane  simulation 
attained  with  the  B-26  variable  stability  airplane.  The  overall  simulation  pro¬ 
gram  is  shown  on  Figure  9. 

As  previously  noted,  it  was  desired  to  simulate  the  longitudinal  short 
period  characteristics.  <*>%*  and  and  the  lateral-directional  characteris¬ 
tics,  Tft  ,  ,  J  and  %t  for  the  unaugmented  and  augmented  C-5A  con¬ 

figurations.  The  longitudinal  unaugmented  configurations  were  defined  by 
stability  derivatives,  speed,  mass  and  inertia  characteristics  estimated  for 
the  C-5A  airplane  by  Lockheed -Georgia,  /.a  noted  in  the  previous  section, 
the  longitudinal  augmented  configuration  was  defined  by  Lockheed  in  term-  of 
(Ayp  and  only. 

The  parametric  variables  pb/2U  and  rga/Z/jj,  were  also  defined  by 
Lockheed;  the  aileron  control  lags  were  defined  by  both  Lockheed  and  CAL, 

The  following  table  gives  a  comparison  between  the  large -airplane  char¬ 
acteristics  and  the  B-26  simulated  characteristics.  This  table  includes  other 
character taiics  in  addition  to  those  mentioned  above. 

The  extent  of  matching  longitudinal  characteristics  is  shown  in  Figures 
10  through  17.  The  pitch  response  of  the  model  is  shown  for  step  and  random 
elevator  and  throttle  inputs  for  both  the  unaugmented  and  augmented  configura¬ 
tions,  Also  shown  is  the  error  in  pitch  for  the  same  conditions,  defined  as 
£«  =  .  These  data  were  obtained  by  in-flight  measurement.  In  ad¬ 
dition,  Figures  13  14  show  digital  solutions  of  the  equations  of  motion 

used  to  verify  the  mechanization  of  the  model  analog;.  Figures  16  and  17  show 
initial  portions  of  the  G  .  &  ,  and  9  responses  to  step  elevator  commands 
(in-flight  measurements). 

LARGE  AIRPLANE 
Longitudinal  (Mouel- Fed  lowing) 

Dy  namic 

Unaugmented 

=  .  9452  rad/ se 
=.731 

=  .  1 rad /se 
%  .  1034 

Augmented 

it' -  1 . 06  r  3/ sec 


^  not  specified 

$ 

r  no C  specified 

V 


SIMULATED 


c 

c 

r  1 . 0$  rad/ sec 
-  .6  Oh 

~  » 2  1  4  rad  /  sec 


-  . 91 5  rad  /sec 
=  .  71-5 

*  .  i 9 24  rad / sec 

-  .  i  03 


i 
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*  .  085 


SIMULATED 


LARGE  AIRPLANE 
Longitudinal 

Static  (same  for  both  unaugmented  and  augmented  cases): 
I.*  s  106.45  lb/g  =  106  lb/g 


Fit* fSgs 

=  5  lb/in. 

*  5-6  lb/in. 

2.*  Fmsltoj 

£  158  lb/g 

=  158  lb/g 

>1  Sts 

=  7. 5  lb/in. 

=  8-9  lb  /in. 

-Directional 

Dynamic 

Unaugmented 

T* 

*  1.  12 

=  .90-1.20 

*V 

=  .488 

=  .500-. 540 

=  .  266 

=  .22-.  28 

m\ 

=  .9185 

=  .8-1.  1 

Augmented 

o 

o 

e 

n 

=  90-1.20 

=  .  440 

a  .484-. 57 

Sj 

=  .539 

*  .5-. 57 

Wfil 

=  .945 

=  .8-1.  1 

Static 

FmsISm 

=  .55  lb/deg 

=  .43  lb /deg 

F&lSt? 

=  50  Ib/in. 

*  60  Ib/in. 

=  150  lb 

=  150  lb 

*  60  deg 

=  60  deg 

*  3  in. 

=  2.5  in. 

TV:  B-?6  was  calibrate  for  the  following  values  of  pb/ 2U  for  full 
wheel  deflection  of  60*.  /-.isoc.ated  values  of  bank  angle  occurring  one  sec¬ 
ond  aftei  iritiation  of  the  wheel  input  are  noted  for  the  two  control  wheel  tag* 
{also  see  Figure  18). 
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C-5A  values  include  12,85  'b  f g  feobweight  effect.  This  is  included  in 
the  B  •  26  aim  elation  by  slightly  increasing  is**)ru  • 


Lag  1 

Lag  2 

Unaug, 

Aug. 

— 

Unaug. 

Aug. 

.10 

2 

5 

1.3 

2.9 

.17 

3.5 

7.9 

2.3 

4.5 

.  r,s 

5.5 

10.9 

3.9 

6.0 

.32 

8.2 

— 

— 

- 

The  aileron  control  lags  are  specified  in  terms  of  time  required  to  tf.pply  full 
control  moment.  (Regardless  of  the  method  by  which  it  is  done,  the  E-26 
must  of  course  use  its  ailerons;  the  simulated  airplane  uses  a  combination 
of  aileron  and  spoilers.  )  Lag  1  is  the  normal  B-26  aileron  lag,  with  essen¬ 
tially  no  dwell  time  and  a  rate  limit  which  provides  full  control  in  approxi¬ 
mately  .4  seconds.  Lag  2  was  electronically  mechanized  to  provide  a  .  1- 
second  dwell  time  and  a  rate  limit  to  accomplish  full  control  In  .9  seconds 
(see  sketch  below). 


Of  primary  interest  was  the  matching  of  yaw  rate  response  to  rolling 
moment  control  input.  Previous  work  (Reference  l)  had  indicated  that  lack 
of  turn  coordination  (the  airplana  banks  but  does  not  turn)  had  a  profound  ef¬ 
fect  on  pilot  acceptability.  This  characteristic  was  quite  noticeable  from  the 
digital  8 step  responses  using  the  C-5A  data.  The  extent  of  this  matching 
(for  small  inputs)  is  noted  for  a  typical  case  on  Figures  19  and  20.  In  order 
to  match  the  r  time  history  it  was  necessary  to  sustain  a  slight  mismatch  in 
the  roll  rate  time  history.  While  on  the  whole  this  mismatch  does  not  appear 
significant,  it  may  be  noted  that  0t  is  different  for  the  augmented  and  unaug¬ 
mented  cases. 

The  result  is  that  for  the  same  maximum  pb/2U  attainable  at  60° 
and  for  the  same  lag,  the  0t  for  the  augmented  case  will  he  greater  than 
that  for  the  unaugmented  case. 


SECTION  V 

EVALUATION  TASK  AND  PROCEDURES 

The  evaluation  task  was  designed  to  facilitate  investigation  of  all  phases 
of  the  approach  maneuver  with  the  exception  of  the  flare  to  touchdown.  Eval¬ 
uation  of  a  given  configuration  was  based  on  three  phases. 

First,  airwork  maneuvers  were  performed  by  the  evaluation  pilot  VFR 
and  under  the  hood.  The  purpose  of  this  was  to  allow  the  pilot  to  become  famil¬ 
iar  with  the  configuration  and  in  particular  enable  him  to  ascertain  the  maxi¬ 
mum  control  capability  available.  During  the  approach  maneuver  itself,  small 
control  input?  are  normally  used  except  in  those  cases  where  the  airplane  is 
upset  by  gusts  or  for  some  reason  allowed  to  stray  far  from  the  desired  path. 

A  prior  knowledge  of  his  ability  to  return  to  the  desired  path  helps  the  pilot 
determine  his  control  technique  on  the  basis  of  any  limitations  present. 

Secondly,  h  'O  simulated  ILS  approaches  were  made,  initiated  by  capture 
of  the  localizer  from  beyond  the  outer  marker  followed  by  beam  tracking  to  the 
flare  point.  On  one  of  these,  the  pilot  would  purposely  get  off  the  glide  slope 
and  localizer  (one  or  two  dots)  to  see  how  easily  he  could  return. 

The  third  phase  consisted  of  a  simulated  cloud  breakout  maneuver  (two 
for  each  configuration),  performed  in  the  following  manner  (Figure  21).  The 
safety  pilot  positioned  the  airplane  approximately  200  feet  to  the  side  of  the 
localizer  course,  and  turned  over  control  of  the  airplane  to  the  evaluation  pilot 
just  outside  the  middle  marker.  The  evaluation  pilot  held  the  airplane  attitude 
constant  as  it  was  given  to  him  until  a  200-foot  altitude  was  reached.  He  then 
came  out  from  under  the  hood  and  maneuvered  the  airplane  back  to  the  runway 
visually,  requiring  both  longitudinal  and  lateral  corrections. 

The  evaluation  pilot  was  made  aware  that  he  was  not  time -limited  and 
no  pressure  was  placed  on  him  to  complete  either  his  maneuvers  or  comments 
in  a  given  time. 

Pilot  comments  were  wire  recorded  in  response  to  the  comment  guide 
shown  on  the  following  pages.  In  addition,  he  was  encouraged  to  make  addi¬ 
tional  comments  as  he  desired;  Comments  on  the  airwork  phase  were  made 
immediately.  Comments  on  the  ILS  and  breakout  maneuvers  were  usually 
made  in  a  group  following  completion  of  all  the  approaches  and  before  beginning 
the  next  configuration.  A  numerical  rating  was  assigned  after  completion  of 
the  comments  prior  to  commencing  the  next  configuration.  The  CAL  rating 
scale  is  shown  on  page  16.  A  detailed  explanation  of  the  use  of  this  rating  scale 
is  given  in  Reference  6.  This  reference  was  read  by  all  pilots  before  perform¬ 
ing  the  evaluation,  and  additional  briefings  were  given  to  ensure  understanding 
of  the  system.  Reference  7  is  an  attempt  to  combine  certain  concepts  of  the 
Cooper  and  CAL  rating  systems  to  define  a  single  improved  scale  and  in  par¬ 
ticular  to  enlarge  upon  some  of  the  simple  descriptions  of  the  CAL  scale  which 
to  some  pilots  have  not  been  particularly  helpful.  Copies  of  this  report  were 
given  to  the  three  evaluation  pilots  after  the  evaluation  (the  report  has  just  been 
published)  for  them  to  determine  if,  on  the  basis  of  the  more  lucid  descriptions, 
they  would  have  evaluated  the  configurations  differently.  Although  there  was 
indication  that  the  revised  system  would  be  more  helpful,  the  pilots  felt  their 
ratings  would  have  been  the  same  had  the  revised  scale  been  used. 
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PILOT  COMMENT  GUIDE 


Airwork 

A.  Longitudinal 

1.  Ease  and  precision  of  making  small  pitch  corrections  - 
technique  used  -»  tendency  to  FIO? 

2.  Does  the  airplane  stay  at  a  given  pitch  angle  and  airspeed? 

3.  Is  the  trim  well  defined?  Sensitivity?  Does  longitudinal 
response  affect  ability  to  locate  trim? 

4.  Comment  on  longitudinal  control  during  turn  entries, 
steady  turns  and  level  flight  recoveries. 

5.  Force  level,  gradient,  and  friction  suitability. 

6.  Stick  travel  suitability. 

7.  Ability  to  change  and  maintain  altitude. 

8.  Turbulence  level. 
t)  light 

b)  moderate 

c)  heavy. 

B.  Lateral-Directional 

1.  Heading  control  and  ease  of  initiating  and  stopping  turns 
on  desired  heading  -  technique  used. 

2.  Bank  angle  control;  ability  to  start  and  stop  and  maintain 
constant  bank  angle. 

a)  ability  to  pick  up  a  wing 

b)  roll  authority  suitability 

c)  time  from  input  to  full  output 

d)  time  from  input  to  beginning  of  output 

e)  tendency  to  overshoot  and  oscillate 

f)  type  and  relative  amount  of  control  used. 

3.  Instruments  used  most  of  the  time. 

4.  Turbulence  level 

a)  light 

b)  moderate 

c)  heavy. 


Long  Glide  Slope  Maneuver  (IFR) 

A.  Ability  to  capture  ILS  beam. 

1.  Localizer. 

2.  -Hide  slope. 

B.  Ability  to  track  ILS  beam  (ability  to  make  small  corrections). 

1.  Localizer. 

2.  Glide  slope. 

3.  Airspeed  control. 


PILOT  COMMENT  GUIDE  (CONTINUED) 


II.  Long  Glide  Slope  Maneuver  (IFR)  (continued) 

C.  Control  technique  used  (relative  amounts  of  elevator,  throttle, 
aileron  and  rudder). 

1.  Localizer. 

2.  Glide  slope. 

3.  Airspeed. 

D.  Workload. 

Excessive  ? 

E.  Oscillation  in 

1 .  Altitude  ? 

2.  Attitude? 

3.  Heading? 

4.  How  do  you  stop  oscillation? 

F.  Turbulence  level. 

1 .  light. 

2.  moderate. 

3.  heavy. 

G.  Of  all  the  above  considerations  (A  through  E),  which  gave  the 
most  difficulty,  and  how  well  were  you  able  to  complete  the 
mission  ? 

H.  Did  any  single  or  group  of  difficulties  become  more  difficult 
when  trying  to  correct  another  ? 

IU.  Breakout  Maneuver 

A.  Ease  of  approach  maneuver  from  the  200-foot  altitude  mark. 

1.  Laterally  -  lining  up  with  runway. 

2.  Longitudinally  -  maintaining  proper  rate  of  descent. 

3.  Aileron  control  power  sufficient? 

4.  Rudder  control  power  sufficient? 

5.  Of  all  the  above  consid..  *tions,  which  gave  the  most 
difficulty  and  how  well  were  you  able  to  complete  the 
mission? 

B.  Turbulence  level. 

1 .  light. 

2.  moderate. 

3.  heavy. 

GENERAL: 

1.  Control  harmony? 

2.  Rudder  coordination  requirement? 

a)  turn  entries,  steady  turns  and  recoveries. 

b)  precision  of  rudder  control. 

3.  Pitching  moments  due  to  power. 


PILOT  RATING  SCALE 


Category 

Adjective  description  within 
category 

Numerical 

Rating 

Acceptable 

Excellent 

1 

and 

Good 

2 

Satisfactory 

Fair 

3 

Acceptable 

Fair 

4 

but 

Poor 

5 

Unsatisfactory  Bad  6 


Bad* 

7 

Unacceptable 

Very  Bad** 

8 

Dangerous^ 

9 

Unflyable 

Unflyable 

10 

*  requires  major  portion  of  pilot's  attention 

**  controllable  only  with  a  minimum  of  cockpit  duties 
^  aircraft  just  controllable  with  complete  attention. 
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SECTION  VI 
DISCUSSION 

1.  GENERAL 

Longitudinally,  evaluation  of  the  icrge  airplane  was  dominated  by 
characteristics  associated  with  large  ratios  of  inertia  to  aerodynamic  force  - 
basically  slow  responses  which  appeared  to  the  pilot  to  be  very  loosely  asso¬ 
ciated  with  control  inputs.  The  slow  pitch  response  combined  with  large  stick 
travel  required  to  produce  the  desired  motion  was  generally  manifested  by  an 
ability  to  make  precision  pitch  changes  which  became  more  marginal  as  the 
task  became  more  demanding.  A  tendency  to  overshoot  a  desired  change  by 
overdriving  the  airplane  and  either  producing  a  pilot-induced  oscillation  or 
being  on  the  verge  of  producing  one  was  characteristic  in  many  cases. 

From  a  lateral-directional  viewpoint,  the  evaluation  was  dominated  by 
lack  of  turn  coordination,  i.e.,  the  reluctance  of  the  airplane  to  turn  when 
banked,  using  aileron  control  alone.  The  necessity  for  using  rudder  in  a  cor¬ 
rect  fashion  to  initiate  the  turn  increased  the  workload  and  detracted  from  the 
ability  to  make  both  large  and  small  lateral  flight  path  changes. 

There  was  considerable  interdependence  between  the  longitudinal  and 
lateral-directional  cha,  icteristics.  The  necessity  for  concentration  on  pre¬ 
cise  control  of  one  mode  reduced  the  effectiveness  of  control  in  the  other. 

The  general  characteristics  noted  above  tended  to  put  the  airplane  in  a 
category  no  better  than  "acceptable  but  unsatisfactory",  regardless  of  the 
variation  o-  other  parameters. 

2.  LONGITUDINAL 

Pilot  comments  indicate  generally  that  the  elevator  stick  travel  per 
unit  airplane  response  was  too  large.  The  stick  motion  that  was  used  in  the 
evaluation  was  a  proposed  characteristic  of  ihe  C-5A  airplane.  This  relatively 
large  stick  motion  resulted  from  Lockheed  ground  simulator  tests  which  con¬ 
sidered  the  compromises  necessary  in  theii  flight  control  system  between  high- 
and  low-speed  flight  conditions.  Pilot  A  in  particular  fel-  that  this  was  one  of 
the  poorer  characteristics  of  the  configurations,  describing  the  stick  travel 
as  "highly  unsuitable."  Pilot  B  appeared  to  be  less  sensitive  to  this  charac¬ 
teristic  and  while  conceding  that  the  travel  was  a  "bit  more  than  desired”  and 
"a  little  too  much,"  termed  it  "satisfactory"  and  "acceptable."  Pilot  C  re¬ 
flected  an  attitude  similar  to  that  of  Pilot  A,  describing  the  stick  travel  as 
"not  suiiab,s,  "  and  "uncomfortable."  His  primary  concern  was  that  in  some 
cases  he  had  difficulty  in  maintaining  altitude  during  30  degree  banked  turns. 

The  above  comments  refer  'o  all  vhe  longitudinal  configurations  except 
the  fully  augmented  case  with  the  higher  5  fA/L  of  158  Ih  /g.  Here  the  stick 
travel  appeared  to  be  slightly  mOrs  suitable  to  all  three  pilots. 

Stick  travel  per  incremental  normal  acceleration  was  approximately 
the  lame  for  all  configurations  ynd  was  calibrated  to  match  the  C-5A  data, 
resulting  in  approximately  20  inches  per  g,. 
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The  following  comments  refer  to  Figures  22  through  27. 

The  general  numerical  rating  variation  of  one  half  unit  with  change  in 
indicates  a  relatively  insignificant  effect  on  performance  of  the  mis¬ 
sion.  Vilot  A's  comments,  however,  do  show  a  distinct  and  varied  preference 
for  the  higher  Ft3/&yij,  (158  lb/g).  Pilot  B  and  Pilot  C  felt  this  to  be  a  bit  high. 

The  general  numerical  rating  variation  of  from  one  to  three  units  in¬ 
dicates  a  significant  effect  of  longitudinal  augmentation  as  it  was  applied  in 
this  study.  Although  the  changes  in  short-period  frequency  and  damping  from 
the  unaugmented  to  the  augmented  case  do  not  appear  significant  ip,  themselves, 
analysis  of  the  time  histories  of  the  two  models  shows  the  initial  6  response 
to  elevator  stick  input  to  be  approximately  twice  as  large  for  the  augmented 
configuration  as  for  the  unaugmented  configuration.  Pilot  comments  indicate 
a  greater  ability  to  make  pitch  corrections  with  the  larger  &  Lateral- 
directional  augmentation  was  on  during  the  above  comparison. 

When  the  unaugmented  lateral-directional  configuration  was  combined 
with  the  unaugmented  longitudinal  configuration,  the  average  ratings  of  Pilots 
B  and  C  decreased  up  to  one  rating  from  the  lateral-directional  augmentation 
on,  longitudinal  augmentation  off  case.  Pilot  A  showed  an  improved  rating 
of  one  unit  above  the  noted  reference.  Comment  data  did  not  reveal  any  °ig- 
nificant  reason  for  this  inconsistency  with  Pilots  B  and  C. 

The  above  is  based  on  ratings  of  the  complete  pilot-airplane  mission 
as  a  whole,  thus  including  the  base  lateral -directional  characteristics,  as  we’l 
as  the  variation  of  longitudinal  characteristics.  Pilot  B  was  asked  to  rate  the 
airplane  considering  only  itsi  longitudinal  characteristics  (neglecting  any 
lateral-directional  deficiencies).  Limited  data  indicates  that  when  evaluation 
is  made  on  this  basis  only,  the  airplane  is  from  one -half  to  one  and  one -halt 
ratings  better  than  when  evaluated  on  an  overall  basis. 

3.  LATERAL-DIRECTIONAL 

Aside  from  the  differences  in  modal  characteristics  and  0t  variation, 
noted  earlier  in  this  repc-t,  there  are  two  other  differences  in  the  pilot  com- 
n  ents.  In  th~  augmented  case  there  is: 

1.  slightly  better  turning  capability  with  ailerons  alone,  and 

2.  slightly  better  harmony  between  initial  and  final  roll  response. 

Pilot  A  appeared  to  be  particularly  sensitive  to  differences  in  the  un¬ 
augmented  and  augmented  configurations,  regardless  of  0f  and  pb/2U  (Figures 
28  and  29).  For  the  augmented  case,  his  numerical  ratings  show  the  airplane 
to  be  in  the  low  "acceptable  and  satisfactory"  category  from  a  pb/2U  of  .  i  to 
,25  and  a  <t>,  cf  from  3  to  11  degrees.  Ratings  for  the  unaugmented  rue  are 
substantially  inferior,  ranging  from  the  middle  of  the  acceptable  bvi%  unsatis¬ 
factory  category  to  the  better  portion  of  the  unacceptable  category.  This  dif¬ 
ference  was  largely  substantiated  by  bis  comments.  In  most  cases,  he  had 
better  heading  and  bank  angle  control  in  the  augmented  case.  The  workload 
was  less  in  the  augmented  case  due  to  the  less  complex  use  of  rudder  required, 
less  frequen:  use  of  instruments  and  less  tendency  to  excite  and  overshoot  in 
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roll  and  yaw.  Better  harmony  between  initial  and  final  roll  response  was 
noted,  as  wan  reduced  coupling  between  longitudinal  and  lateral-directional 
motions. 

Though  not  indicated  generally  in  the  numerical  ratings  {the  unaug¬ 
mented,  lag  1  case  is  the  exception),  Pilot  A  felt  that  the  low  value  of  pb/2U 
might  be  marginal.  The  middle  value  (.17)  was  most  desired,  the  high  values 
(.  25  and  .  32)  resulted  in  too  much  disharmony  with  respect  to  the  large  amounts 
of  rudder  pedal  and  elevator  motion  required  to  perform  the  maneuvers. 

Differences  between  the  unaugmented  and  augmented  configurations 
were  not  as  distinct  with  Pilot  B  as  with  Pilot  A.  Figures  30  and  31  show  con¬ 
siderable  scatter  of  data  generally  within  the  "acce.  cable  but  unsatisfactory*1 
boundaries.  However,  similar  trends  are  indicated  between  the  two  pilots  at 
the  low  values  of  pb/2U  where  the  rating  is  better  for  the  augmented  case. 

Pitot  B  was  conscious  of  slightly  better  heading  control  in  the  augmented  case 
but  not  to  the  extent  of  Pilot  A.  Comments  also  indicate  the  tendency  to  over¬ 
shoot  and  oscillate  in  roll  characteristic  of  the  slower  initial  roll  response 
of  the  unaugmented  configurations. 

Comments  leave  some  doubt  as  to  whether  or  not  the  middle  value 
of  pb/2U  (.  17)  was  sufficiently  high.  However,  ratings  show  a  tendency  to 
peak  at  this  value  for  the  unaugmented  case. 

Though  the  comments  of  Pilot  C  were  similar  to  those  of  the  other  two 
for  a  given  configuration,  he  *,ated  the  airplane  poorer,  particularly  at  low 
values  of  pb/2U  and  0,  .  In  general,  a  stronger  trend  of  greater  acceptability 
with  increase  in  0f  and  pb/2U  is  noted  (Figures  32  and  33). 

As  with  the  other  two  pilots,  he  observed  better  heading  control  ant4 
less  tendency  to  overshoot  and  oscillate  in  roll  in  the  augmented  case  than 
in  the  unaugmented  case. 

Figures  34  and  35  show  the  variation  of  pilot  ratings  with  0  for  con¬ 
stant  pb/2U  (this  is  essentially  a  comparison  c;  lag  1  and  lag  2  for  each  case?. 
Generally  speaking,  higher  values  of  0,  (lag  .)  are  desired  for  constant 
values  of  pb/2U  for  both  the  augmented  and  unaugmented  cases.  For  the  two 
larger  values  of  pb/2U  of  the  augmented  case,  only  Pilot  A  shows  decreased 
acceptability  of  0,  greater  than  4.  5  degrees.  Also,  it  may  be  noted  that  the 
majority  of  roll  characteristic  ratings  fell  below  the  upper  boundary  of  the 
acceptable  but  unsatisfactory"  category. 

The  majority  of  the  configurations  were  evaluated  in  smooth  air  or 
light  turbulence.  In  those  isolated  cases  where  turbulence  was  greater,  some 
degradation  in  performance  wrs  noted.  However,  there  are  insufficient  data 
to  support  a  specific  trend. 
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SECTION  VII 
CONCLUSIONS 


LONGITUDINAL  EVALUATION: 

1.  The  majority  of  all  pilot  evaluation  data,  regardless  of  the  presence 
or  absence  of  augmentation  or  the  tested  values  of  stick  force  per  g, 
fell  in  the  "acceptable  but  unsatisfactory"  category.  By  definition  of 
the  CAL  rating  scale,  this  means  that  the  pilot's  objections  to  the 
configuration  characteristics  are  serious  enough  for  him  to  request 
that  something  be  done  to  improve  them.  If,  however,  this  improve¬ 
ment  cannot  be  made  without  serious  compromise  of  other  factors 
influencing  the  mission,  the  pilot  will  accept  the  airplane,  but  with 
reluctance. 

2.  On  the  basis  of  average  numerical  rating  data,  the  effect  of  the 
specified  augmentation  was  to  improve  the  handling  qualities  of  the 
airplane.  Pilot's  comments  indicate  the  primary  reason  for  this  was 
the  less  sluggish  pitch  angle  response  in  the  augmented  case.  This 
increased  the  ability  of  the  pilot  to  make  small  pitch  corrections  and 
to  a  degree  diminished  the  amount  of  prediction  required  to  accurately 
control  the  airplane. 

3.  On  the  basis  of  the  three -pilot  sample  as  a  whole,  there  is  little 
conclusive  evidence  as  to  the  relative  desirability  of  the  two  stick 
forces  per  g  evaluated.  Of  the  three.  Pilot  A  most  clearly  indicated 
the  desirability  of  the  higher  value  (158  lb/g),  particularly  in  the 
unaugmented  case.  Pilot  B  felt  that  this  value  was  a  bit  high,  but 
acceptable;  Pilot  C  preferred  the  low  value  of  106  lb/g. 

4.  Stick  travel  per  airplane  motion,  as  defined  by  stick  motion  per 
incremental  acceleration  with  a  value  of  approximately  20  inches 
per  g,  appeared  to  be  too  high. 

LATERAL-DIRECTIONAL  EVALUATION: 

1.  As  previously  noted,  the  evaluation  results  were  strongly  influenced 
by  lack  of  turn  coordination  using  aileron  control  alone.  Precision  of 
lateral-directional  control  depended  upon  development  and  use  of  a 
combined  rudder -aileron  technique.  The  consistency  (or  lack  thereof) 
of  their  success  or  failure  with  this  technique,  combined  with  severe 
lack  of  control  harmony  where  large  rudder  motibns  were  used, 
helped  shape  some  of  the  varied  opinions  among  the  pilots  as  indi¬ 
cated  by  scatter  of  numerical  rating  data. 

2.  The  aforementioned  lack  of  turn  coordination  is  not  conducive  to  good 
lateral-directional  control,  a  condition  which  is  further  amplified  by 
the  lack  of  control  harmony  it  helps  emphasize,  particularly  at  the 
higher  values  of  pb/2U. 


20 


3. 


Consistent  reference  by  the  evaluation  pilots  to  differences  between 
initial  and  final  roll  response  give  some  indication  that  the  slope  of 
the  roll  response  curve  is  important,  at  least  up  to  the  time  maximum 
roll  rate  is  achieved.  This  shape  can  assume  different  forms  (as 
compared  with  the  simplified  first-order  roll  response  defined  by  ) 
depending  upon  the  extent  of  nonlinear  control  characteristics  and/or 
roll  coupling.  The  curve  which  has  the  most  consistent  time  rate  of 
change  of  rolling  velocity  (i.e.,  vs.  time  nearly  constant)  is  the 
most  desirable.  One  in  which  the  initial-^)  is  less  than  the  final  -p 
results  in  undesirable  control  characteristics  similar  to  those  of  the 
generally  sluggish  airplane;  and  initial  overdriving  followed  by  over¬ 
shooting  and  possible  oscillation. 

4.  The  simulation  of  a  dwell  time  of  .  1  sec  (time  between  initiation  of 
aileron  control  wheel  and  response  of  the  control  surface),  charac¬ 
teristic  of  aileron  servo  dynamics,  had  no  apparent  effect  other  than 
that  associated  with  its  contribution  to  a  lower  . 

5.  In  general,  each  pilot  produced  somewhat  different  results  regarding 
the  -equired  roll  power  for  the  large -airplane  landing  approach,  with 
Pilot  C  showing  the  strongest  trend  toward  the  higher  roll  power.  The 
lower  roll  power  (pb/2U  =  .  10)  was  the  least  acceptable  when  combined 
with  the  unaugmented  characteristics  and  low  0/  .  For  Pilots  A  and 

B,  the  middle  value  of  .  17  appeared  to  represent  a  minimum  pb/2U 
independent  of  augmentation.  For  the  same  two  pilots  there  appeared 
to  be  little  change  in  rating  toward  the  higher  value,  showing  a  slight 
degradation  through  .  25  to  the' single  test  point  of  .  32,  Pilot  C 
showed  a  continual  desire  for  more  power  up  to  .  25  after  which  there 
was  a  decrease  to  .  32.  It  would  appear  that  a  pb/2U  of  from  .  2  to  .25 
would  be  sufficient  assuming  it  was  associated  with  a  suitable  curve 
of  ~C  vs.  time.  If  the  time  response  is  too  lacking  in  harmony,  then 
pb/2U  becomes  a  less  meaningful  criterion. 

6.  For  the  unaugmented  configuration  and  the  low  value  of  pb/2U  for  the 
augmented  configuration,  there  is  a  significant  increase  in  acceptabil¬ 
ity  with  increase  in  0,  for  constant  pb/2U.  This  trend  continues  at 
the  two  higher  pb/2U's  for  the  augmented  case  only  for  Pilot  B.  The 
other  two  show  either  a  reversal  or  insignificant  change  from  a  value 
of  4.5"  upward.  There  is  insufficient  data  from  which  to  specify  a 
minimum  0,  for  an  airplane  with  characteristics  of  the  unaugmented 
configuration.  For  the  augmented  configuration,  however,  it  appears 
that  a  0f  which  is  never  b^low  4  to  5  degrees  for  any  aircraft  loading 
or  speed  may  be  sufficient. 


SECTION  vm 
RECOMMENDATIONS 


Calibration  of  the  B-26  airplane  for  the  large -airplane  lateral- 
directional  characteristics  consumed  a  disproportionate  amount  of  time  in 
terms  of  both  in-flight  data  recording  and  ground  data  reduction.  A  reason¬ 
able  amcunt  of  in-flight  calibration  is  characteristic  of  the  response -feedback 
method  of  •l.nulation.  However,  in  the  case  where  the  airplane  to  be  simu¬ 
lated  has  characteristics  wherein  it  is  required  to  provide  an  artificial  sta¬ 
bility  increment  nearly  as  large  as  that  of  the  B-26,  but  opposite  in  sign 
(e.g.,  the  simulated  airplane  has  low  static  stability),  accuracy  is  difficult 
to  attain  and  a  corresponding  increase  in  the  number  of  calibration  data 
points  is  needed.  This  has  been  shown  in  the  past  to  be  the  cat.  for  the 
longitudinal  characteristics  of  the  large  airplane,  leading  to  the  us-  of  the 
model-following  technique  as  a  more  ef':cient  way  of  simulation  under  these 
circumstances.  Therefore,  it  is  recommended  that  succeeding  simulations 
of  large -airplane  lateral-directionai  characteristics  be  accomplished  using 
the  model-following  technique. 

The  following  recommendations  are  based  on  results  of  an  in-flight 
evaluation  of  the  configurations  simulated  in  this  study  and  do  not  necessarily 
pertain  to  the  present  C-5A  airplane.  They  suggest  areas  of  design  improve¬ 
ment  which,  if  carried  out,  would  result  in  au  airplane  better  able  to  perform 
the  approach  task,  including  both  tracking  and  aurupt  flight  path  alteration. 

1.  Reduce  the  elevatoi  stick  travel  required  to  maneuver 
the  airplane, 

Z.  Increase  the  pitch  acceleration  capability  of  the  airplane 
in  response  to  an  elevator  input. 

3.  Increase  the  capability  of  the  airplane  to  turn  when  banked 
using  ailerons  alone. 

The  remaining  recommendations,  although  not  necessarily  ir.  pendent 
of  the  above,  are  directed  primarily  toward  expanded  knowledge  of  handling 
qualities  requirements. 

4.  Re  -examine  the  effect  of  stick  force  per  incremental  nortru' 
acceleration  in  light  of  improved  longitudinal  dynamics. 
Re-examine  the  effect  of  pb/2U  m  light  of  improvement 
obtair^d  'run;  4,  above. 

6.  Generally  expand  the  investigation  of  roll  requirements  m 
terms  of  pb/tU.  ,  nonlinear  roll  response,  and  other 
possible  parameter*  to  improve  upon  existing  rriteri*. 
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Figure  2  8-26  COCKPIT.  SAFETY  PILOT'S  POSITION  ON  LEFT, 

EVALUATION  PILOT'S  POSITION  ON  RIGHT 


Figure  I  B-26  THREE-AXIS  VARIA8LE  STABILITY  AIRPLANE 


Figure  3  COMPUTER  (MODEL  INSTALLATION  IN  B-26  WAIST 
COMPARTMENT,  LOOKING  FORWARD 


Figure  4  VARIABLE  STABILITY  INSTALLATION  IN  B-26 
BOMB  BAY,  LOOK  I  NS  FORWARD 


gure  6  LONG  I TUD I  HAL  MODEL-  FOLLOW  I M8  TECHNIQUE 


LATERAL-DIRECTIONAL  RESPONSE  FEEDBACK  SIMULATION  TECHNIQUE  SHOWING  GAINS  USED 


Figure  8  NONLINEAR  ROLL  CONTROL  ROWER  CURVES 
APPROXIMATED  BY  FUNCTION  8EMERAT0R 
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Ffgur*  10  IttDEL  PITCH  RESPONSE  AND  AIRPLANE  PITCH  RESPONSE  ERROR  TO 
3°  ?  STEP  COMMAND  TO  MODEL  —  UNA  FOMENTED  CASE 
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71NE  ~  SECONDS 


f  igur®  II  MW>a  PITCH  RESPONSE  AMO  AIRPLANE  PITCH  RESPONSE  ERROR  TO 
A  20%  THRUST  STEP  INPUT  —  UNAUSNENTE:  CASE 
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12  MODEL  PITCH  KSPMSE  AUD  AllfUME  PITCr-  If  SPOUSE  EttOt 
5HAIP  IAJ30N  PILOT-APPLIED  CWTIOL  IIWS  —  UHAUtiMEKi 


%  MCOEL  •ITCH  RESPONSE  A*0  A i SPUME  PITCH  RESPONSE  ERROR  TO 
A  20*  THRUST  STEP  INPUT  —  AUGMENTED  USE 


TIME-  SEC 

Figure  16  INITIAL  0  RESPONSE  COMPARISON  TO  3°  S8  STEP  COMMAND 
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UNAU6MENTED 
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TH*  ~  SEWMS 


TYPICAL  COMPARISO*  OF  LATERAL-D! RECTI ORAL  kcSPOWES 
AUGMENTED  CASE,  1°  S.s  STEP  IRPUT 


GEOMETRY  OF  OFFSET  MANEUVER 
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Figure  23  LONG IT’JD INAL  EVALUATION  —  PILOT  B 

RATINGS  INCLUDE  LATERAL-DIRECTIONAL  CHARACTERISTICS 
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Fiflure  2*  LONGITUDINAL  EVALUATION  —  PILOT  P 

RATINGS  BASED  ON  LONGITUDINAL  CHARACTERISTICS  ONLY 
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figure  26  lOUGiTUDiJUL  EVALUATION  —  PHOT  C 

RATINGS  INCLUDE  LATES.V  .-DJRECMOHAl  CHARACTERISTICS 


PILOT  KAT!*0  PIIO  RAT  1*6 
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Fijyr*  27  L0rf$fTV0*£R  EYAUIATIO*  —  Q<mW'.m  Of 
1*0 i VISUAL  AYEWSES  PfLST  SATA 
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Figure  30  LATERAL-DIRECTIONAL  EVALUATION  -  FI  LOT  B,  EFFECT  OF  pb/2U 
RATINGS  INCLUDE  LONGITUDINAL  CHARACTERISTICS 
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Figure  31  LATERAL-DIRECTIONAL  EVALUATION  —  PILOT  B,  EFFECT  OF  0} 
RATINGS  INCLUDE  LONGITUDINAL  CHARACTERISTICS 
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PILOT  RATIM 


Fiflur*  32  LATERAL-0 I RECT I ORAL  EVALUATION  -  PILOT  C,  EFFECT  OF  pb/2U 

RATINGS  INCLUDE  LONSITUO'NAL  CHARACTERISTICS 
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Figur«  it  LATERAL-DIRECTIONAL  EVALUATION  -  PILOT  C,  EFFECT  OF  0, 
RATINGS  INCLUDE  LONOITUOINAL  CHARACTERISTICS 
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APPENDIX  I 

LARGE  A'RPLANE  DATA  AND  EQUATIONS  OF  MOTION 
LONGITUDINAL 

The  following  data  were  programmed  into  the  airborne  analog  computer 
to  form  the  large  airplane  model.  These  data  are  representative  of  the  C-5A 
airplane  as  of  April  1966  and  are  for  the  unaugmented  configuration.  The  aug- 
mented  configuration  was  developed  by  changing  Cm^  and  to  achieve  the 

required  short  period  frequency  and  damping.  “ 


w 

=  450,  000  lb 

~  2.1  deg 

s 

=  6200  ft2 

=  .703/ rad 

b 

=  219.2  ft 

=  5.61/ rad 

a 

=  30. 9  ft 

=  .  2643  /  rad 

iTrc 

=  4  ft 

C»t 

=  -1.877/rad 

h 

S  25  X  iO6  slug-ft* 

=  -8.  72/ rad 

* 

=  37.4  lb/ ft* 

Cm* 

=  -23. 98/ rad 

V 

=  178  ft/  sec 

=  *1.  219/rad 

/> 

=  .002378 

3T/9Y 

=  -106.3  lb-s< 

Cp0  =  .  281 
=  1.95 


T„  ~  65,  150  lb 
9T/9$r  =  1,  148  lb/percent 


The  following  equations  of  motion  represent  the  model.  The  subscript 
Mm"  denotes  model. 


Drag  equation  with  respect  to  wind  axis. 


where 


Sr  is  %  thrust 


)  <*•  K 


d,  -  iil*  JL 
*  »  asr 


LATERAL-DIRECTIONAL, 

The  following  date  are  also  representative  of  the  C-5A  airplane  as 
of  April  1966  and  though  not  used  directly  as  in  the  case  of  longitudinal  model 
following,  were  used  to  determine  response  time  histories  used  to  match  the 
simulated  time  histories  and  to  simulate  the  required  lateral- directional 
modes.  All  derivatives  are  per  radian,  and  are  for  the  uraugmented  config¬ 
uration.  The  augmented  configuration  was  developed  by  converting  the  gains 
of  a  Lockheed -Georgia  augmentation  system  to  equivalent  artificial  derivatives 


A* 

*  1?  *  10^  slug-ft* 

* 

.0765 

rn 

a  39.2  X  106  slug -ft* 

s 

-.  154 

*  1.31  x  106  slug-ft* 

c 

-.308 

=  -.774 

s 

.  206 

«* 

=  0 

C**r 

~ 

.0204 

<V 

*  .  466 

C'K 

= 

- .  1 06 

a  -.123 

*4 

c 

0 

<V 

H 

l 

e 

•a 

O' 

s 

-.045 

=  .456 

S 

« 

-.0052 

The  following  equations  of  motion  were  used. 

li  -  Y„4  *  -  4  #  -  r»«  S»  *  Y*.  sr 

-  U,nS„.  L',rSr 

fr-H'rr-H'f0-n',ts  $„  -N',r  Sr 

Note  that  these  are  written  in  terms  of  "primed"  derivatives  which  are  defined 
generally  as  follows: 


Y-  •  Y 

’<  'i 


-  k  L  /iat 

*.) 

I  X. 

/ 

\ 

•  *  h  *  t* 

where 


X 


1 


/ 


f  b  - 

IT  I1* 


Note  also  that  the  rolling  and  yawing  control  inputs  are  in  terms  of 
control  wheel  deflections  rather  than  control  surface  deflections.  This  was 
done  so  that  the  C-5A  moments  due  to  aileron  and  spoiler  deflection  could 
be  combined  and  referred  to  a  single  control  input;  the  aileron  wheel. 

Both  L  and  N  are  nonlinear  with  ^45  •  However,  for  small  disturbance 
validation  purposes,  the  initial  slope  for  0  <  <5*  was  used  for  the  rolling 

moment.  In  flight  the  actual  nonlinear  function  wac  used  for  each  pb /  217. 

In  the  case  of  the  yawing  moment  due  to  $*s  a  linear  approximation  was  us  id 
for  both  the  digital  responses  and  in-flight  simulation. 

Values  of  those  derivatives  are  given  below,  and  are  per  radian. 


pb/2U 

L'h, 

.25 

.0574 

.689 

.17 

.0376 

.517 

.  10 

.0188 

.  346 

APPENDIX  H 

EVALUATION  PILOT  FLIGHT  IXP&ftfE*  § 


Hours 

Total 

Medium 

and 

Flight  Testing 

Pilot 

Large 

Aircraft 

Military 

Commercial 

MiliUki 

A 

7750 

4300 

0 

3000 

Si 

%r 

B 

4700 

3100 

0 

3168 

C 

C 

3386 

2744 

1050 

0 

223 1 

Total  hour*  one  year  preceding  evaluation: 

Pilot  A:  385 
Pilot  B:  155 
Pilot  C:  581 
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'*  *BtTRACT  A  simulation  program  examined  selected  handling  qualities  of  a  large 
logistics  transport  airplane  in  the  landing  approach,  considering  both  longitudinal 
and  lateral-directional  characteristics,  i  variable  stability  B-26  airplane  was 
used  as  an  in-flight  simulator.  The  longitudinal  short-period  frequency  and 
damping  ratio  and  the  stick  force  per  normal  acceleration  were  varied  using  e 
model- following  technique.  The  hutch  roll  frequency  and  damping  ratio,  the  ampli¬ 
tude  of  the  bank  angle  to  sideslip  ratio  (at  the  Dutch  roll  frequency)  and  the  roll 
mode  Lime  constant  were  adjusted  to  simulate  stability  augmentation  system  on  and 
off  using  the  response-feedback  technique.  Latoral  control  was  investigated  with 
various  amounts  of  maximum  control  power  end  two  different  amounts  of  control  sys¬ 
tem  time  lag.  The  pilots  performed  general  airwork  and  made  ILS  approaches,  some 
with  lateral  offset.  The  landing  flare  end  touchdown  were  not  included  in  the 
evaluation.  The  results  of  this  program  ere  presented  In  ter  s  of  acceptability  to 
the  pilots,  based  upon  a  numerical  rating  and  detailed  comments.  Three  evaluation 
pllcts  participated.  Regardless  of  longitudinal  parameter  variation,  the  majority 
of  pilot  evaluation  data  fell  in  the  "acceptable  but  unsatisfactory"  category. 

Nose  noted  was  the  sluggishness  in  pitch  (slightly  Improved  in  the  augmented  config¬ 
uration)  and  nigh  stick  travsl  per  Incremental  normal  acceleration.  Opinion  was 
divided  as  tc  the  relative  desirability  of  the  two  values  of  stick  force  per 
incremental  normal  acceleration  evaluated.  Parameter  variations  in  th*  lateral- 
direct  ioaal  evaluation  yielded  date  which  extended  from  the  "acceptable  but 
unsatisfactory"  category  to  the  "unflyabla"  category.  Results  were  strongly  influ¬ 
enced  by  thu  oilo 
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